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Magnetic topological insulators (MTIs) are of considerable interest in developing 
novel spintronics and quantum computing applications. Under the topological 
protection by time-reversal Z2 invariant number, magnetic topological insulators 
are provided with robust electronic and magnetic properties against local 
perturbations. The quantum anomalous Hall effect (QAHE), which harbors 
dissipationless chiral edge states in MTIs, provides a competitive platform for 
future low-power consumption and high-speed spintronic devices. Although the 
present studies on both bulk and surface magnetic properties in MTIs have made 
significant progress, the in-depth understanding of the exchange couplings and 
the interaction between the two magnetization sources is far from completion. In 
addition, the optical control of the non-trivial properties in MTIs is important in 
achieving novel applications for ultrafast optoelectronics and optical spintronics. 
The goal of this dissertation is to understand and manipulate the dynamical spin 
coupling as well as the carrier relaxation dynamics in MTIs, using the static 
magneto-optical Kerr effect (MOKE) and the time-resolved magneto optical Kerr 
effect (TRMOKE) techniques. 
 
First, a pronounced spin-valve-like structure of dynamical magnetization is 
observed in Cr-(Bi,Sb)2Te3/CrSb bilayer heterostructure through the pump-
modulated MOKE characterization. The characters of the soft and resilient 
ferromagnetic phases are distinguished in terms of the spin coupling between the 
dynamical surface and bulk ferromagnetism. The dynamical bulk ferromagnetic 
ordering is softened by a laser-induced heat effect on the lattice, while the 
dynamical surface magnetization is enhanced via the strengthening Dirac-hole-
mediated exchange coupling. In addition, the pump-fluence-dependent 
measurement of the exchange-bias effect provides further evidence for the 
enhancement of MTI surface magnetization at the MTI/AFM interface. Lastly, we 
propose a theoretical model that includes the long-range p-d exchange coupling 
and a Dirac-hole-mediated exchange interaction and estimate the exchange 
coupling energies in the MTI/AFM bilayer structure.  
 
Second, ultralong carrier lifetimes (3~20 ns) of the optically pumped surface 
states are observed in Cr-(Bi,Sb)2Te3 MTI which corresponds to the slow 
radiative recombination within the gapped Dirac cone. The photoinjection 
dependency of radiative lifetimes suggests a strong Coulomb screening effect of 
electron-hole plasma on surface excitons. The experimental results are 
consistent with the theoretical simulation. On the other hand, the nonradiative 
nature of bulk electron relaxation is identified with a lifetime of ~1000 ps by 
photoinjection- and temperature- dependent reflectivity measurements. The 
finding of long-lived excited carriers in MTI improves the understanding of the 
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          This chapter introduces examples of topological-insulator-based spintronic 
devices and magnetization manipulation by spin torques. Section 1.1 presents an 
introduction to the magnetic topological insulator. Section 1.2 discusses the 
structure of magnetic tunnel junction and spin-transfer torque. Section 1.3 
introduces the basic concept of spin-orbit torque and spintronic devices based on 
magnetic topological insulator/topological insulator bilayers. Section 1.4 
introduces the basic concept of quantum anomalous Hall effect (QAHE), the 




1.1 Magnetic topological insulator 
          A topological insulator (TI) is a material that has an insulating band 
structure in the bulk and contains conducting states at the surface. The non-
triviality of the two-dimensional (2D) surface state in topological insulator 
originates from the Z2 invariant with time-reversal symmetry in the system, [1,2] 
which provides the TI surface state with robust electronic properties against local 
perturbations. Another factor that is necessary for establishing the topologically 
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protected state is the presence of the spin-orbit coupling (SOC) induced band 
inversion of the valence and conduction bands in the materials. The TI surface 
state exhibits the unique massless Dirac-cone-like band structure with the feature 
of spin-momentum locking, as shown in Fig 1.1a.  
 
Figure 1.1  Schematic of electronic structure of (a) a topological insulator and (b) 
a magnetic topological insulator. [3] 
          The Hamiltonian that describes the 2D surface state is 
𝐻 = ℏ𝑣𝐹(−𝑘𝑦𝜎𝑥 + 𝑘𝑥𝜎𝑦) 
where ℏ is the reduced Plank constant, 𝑣𝐹 is the corresponding Fermi velocity 
and 𝜎𝑥 and 𝜎𝑦 are the Pauli matrices for spin. Based on this Hamiltonian, the 
Rashba spin-momentum locking mechanism at the TI surface is implied (Fig 
1.1b), where the spin of a Dirac electron is perpendicularly lock to its momentum 
and electrons that travel in opposite directions have opposite spins. The TIs that 
are found includes tetradymites such as Bi2Se3, Bi2Te3 and Sb2Te3 [4-6], 
Bismuth-antimony alloys BixSb1-x,[7] and heterostructures such as HgTe/CdTe. 
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[8] The corresponding massless Dirac band structure with spin-momentum 
locking spin texture has been experimentally observed with angle-resolved 
photoemission spectroscopy (ARPES). [9,10]  
          By introducing magnetic order into TIs, the new topological materials are 
referred as magnetic topological insulators (MTIs). In MTI, the non-trivial 
topological surface state is transformed into a massive Dirac state with time-
reversal symmetry (TRS) broken. There are two approaches to generate the 
magnetization in TIs. One is incorporating magnetic impurities into TIs [11, 12], 
and another way is via proximity effect with a ferromagnetic or antiferromagnetic 
layer. [13, 14] Due to the exchange interaction between the Dirac fermions and 
the local magnetic moments, the electronic structure of the surface state is 
described by a modified Hamiltonian, 
𝐻 = ℏ𝑣𝐹(−𝑘𝑦𝜎𝑥 + 𝑘𝑥𝜎𝑦) + 𝑚𝜎𝑧 
In this case, a gap 𝑚 across the node of the surface Dirac band is opened and 
the spin and valley degeneracy are removed (Fig 1.1b), coalescing the metallic 
massless Dirac fermions into a massive state. [12] In massive Dirac states, the 
Rashba spin-momentum-lock texture competes with the exchange coupling 
between the localized moments and Dirac fermion spins, and experimentally, a 
hedgehog-like spin texture is observed for the massive surface states of Mn 
doped TI. [15] The magnetism in MTIs originates from two possible mechanisms. 
One is the Van Vleck valence-electron-mediated ferromagnetism which relates to 
the coupling between localized p electrons and Cr 3d-orbit moment. [11] The 
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other is Ruderman–Kittel–Kasuya–Yoshida (RKKY) interaction arising from the 
Anderson impurity model where magnetic impurities are coupled through the 
mediation of itinerant fermions [16-18]. Due to the electronic localization of 
inverted bands caused by large spin-orbit coupling, the Van Vleck mechanism is 
believed to be dominating in MTIs bulk magnetization,[11] while the surface 
magnetization in MTIs is primarily attributed to RKKY coupling mediated by 
delocalized fermions of Dirac states. [16-19] 
          For Van Vleck-type ferromagnetism in the bulk, the spin susceptibility χ
e
 of 
















with 0  and 𝑛  denoting the ground state and excited state, respectively. A 
considerable size of 𝜒e is obtained from the large non-vanishing matrix element 
〈0|Lz+g0Sz|n〉 when the exited state |n⟩ mixes with ground state |0⟩. The formation 
of mixed valence bands in the case of Sb2Te3 is shown in Fig 1.2, where the pz 
orbtials of Sb are pushed down while the pz orbtials of Te are pushed up due to 
the giant spin-orbit coupling (SOC). The electronic spins of Cr d orbitals due to 
crystal field splitting are exchange coupled with electrons in the mixed p orbitals of 
Sb and Te atoms with an antiparallel spin configuration. Accordingly, the 
Hamiltonian for the long-range p-d exchange interaction can also be expressed as 
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H pd = ∑ JpdSαsp
α
 
where Sα is the spin of local impurities, sp is the band spin of p band electrons, and 
Jpd presents the effective exchange constant for long-range p-d coupling. Recent 
experimental studies have verified that such a long-range ferromagnetic ordering 
exists in the bulk MTIs with the form of carrier-independent Van Vleck–type 
ferromagnetism. [20,21]  
 
Figure 1.2  Schematic of Van-Vleck-type ferromagnetic for the MTI bulk state. 
The electronic spins of Cr d orbitals due to crystal field splitting are exchange 
coupled with electrons with an antiparallel spin polarization at the mixed p 
orbitals of Sb and Te atoms due to strong spin-orbit coupling (SOC). 
          For surface-state magnetization due to a carrier-impurity RKKY interaction, 
the type of mediating carriers is typically holes located at massive Dirac bands, as 
shown in Fig. 1.3, where the spin polarization of Dirac holes aligns antiparallel with 
respect to local impurity moments. In this scenario, the Hamiltonian that describes 
the exchange interaction between magnetic impurities and Dirac holes is  
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where Ji  is carrier-impurity exchange parameter, Si  is the spin of magnetic 
impurities and 𝜓∗(Ri)𝝈𝜓(Ri) represents the Dirac hole spin density at the magnetic 
impurity’s position 𝑹𝑖 . With the manipulation of the chemical potential by 
electrostatic gates under proper magnetic ion doping, signatures of carrier-
dependent RKKY magnetization are observed in the MTI surface states. [22-24]  
 
Figure 1.3  Schematic of Dirac-hole-mediated RKKY ferromagnetism for the MTI 
surface state.  
 
 
1.2 Magnetic tunnel junction and spin-transfer torque 
          Spintronics utilizes the electron’s spin degree of freedom to provide fast 
and low-energy consumption features in comparison to conventional charge-
based electronic devices. Followed by the discovery of effect of giant 
magnetoresistance (GMR) effect by Grunberg [25] and Baibich [26] and the 
prediction of spin-transfer torque (STT) by Slonczewski [27] and Berger [28], the 
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most iconic spintronic application, magnetic random-access memory (MRAM) is 
developed based on the magnetic tunnel junction (MTJ) unit cell (Fig 1.4). In a 
MTJ, a non-magnetic insulating thin layer, serving as the transport tunnel of 
charges and spins, is sandwiched between a hard and a soft ferromagnetic layer, 
which forms a so-called spin-valve structure. When the magnetizations of the two 
FM layer are parallel (anti-parallel), low (high) electrical resistance of the MTJ is 
achieved.  
 
Figure 1.4  Structure of MTJ consisting of a free and fixed layer, and a tunnel 
barrier. 
          In terms of the manipulation of magnetic states in MRAM, the conventional 
approach of directly applying an external field exhibits huge limitations such as 
large power consumption and magnetic disturbance on the cells close to the 
target unit. [29,30] As a result, a more efficient way to achieve the magnetization 
switching is employed by exerting a spin-transfer torque (STT) on magnetization 
of the free FM layer due to spin-polarized current injection. [31,32] The 
corresponding Landau-Lifshitz-Gilbert (LLG) equation that defines the movement 













?̂? × (?̂? × ?̂?) 
where 𝛾 is the electron gyromagnetic ratio, ?⃗? eff is the effective field, 𝛼 is the 
Gilbert damping constant, 𝜂 is the spin transfer efficiency, 𝜇𝐵 is the Bohr 
magneton, 𝐼 is the charge current, 𝑉 is the activation volume of free layer and ?̂? 
is the unit vector of the spin polarization direction of the electronic carriers. The 
effect of STT on the magnetization depends on the sign of the charge current 𝐼. 
When the current exceeds the critical value, the effective damping becomes 
negative and the magnetization switching can thus be realized. Figure 1.5 shows 
the schematic of magnetization manipulation by STT in a MTJ structure. When 
spin-unpolarized electrons go through the fixed FM layer, they are polarized with 
the spin-polarization parallel to this layer. Then, the outgoing spin-polarized 
current enters in the free FM layer, transferring its spin angular momentum and 
thus exerting a spin torque on the magnetization of the free FM layer, which 
aligns it parallel to the magnetization direction in the fixed FM layer.   
 
Figure 1.5 Schematic of STT writing process in a MTJ cell. 
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1.3 Spin-orbit torque and TI-based spintronic devices 
          Though STT has been proposed to manipulate the magnetoresistance in 
MTJ for ages, [27,28] there are several disadvantages when it is employed for 
spintronic application. First, the endurance of the STT-MTJ can be greatly 
impacted by the relatively large writing current through the tunnel barrier. 
Second, it requires a heating pulse to increase the thermal stability and reduce 
the writing power consumption, which induces additional incubation time and is 
detrimental for fast magnetization switching. Third, the spin-polarized current in 
STT is generated by a spin-filtered charge current, which limits the charge-to-
spin conversion efficiency (less than one). 
 
1.3.1 Spin-orbit torque 
          Recently, a new approach to electrically manipulate magnetization, spin-
orbit torque (SOT), has been proposed, [31-33] which is based the spin-orbit 
interaction between the electron’s spin and its orbital motion near a nucleus. 
Since SOC creates a form of intrinsic effective magnetic field ‘seen’ by the spin of 
the electron, spin-polarized electron current can be generated in non-magnetic 
metals (NMs). There are two cases of generating spin currents that produces 
SOTs. One is inducing a spin accumulation at the NM/FM interface via spin hall 
effect (SHE) in the bulk (Fig 1.6a). [34,35] The other is creating a homogenous 
in-plane spin polarization via Rashba-Edelstein effect (REE) at the NM/FM 
interface that lacks an inversion symmetry (Fig 1.6b). [36,37]  
 10 
 
Figure 1.6 Schematic of current-induced SOT switching of magnetization: (a) 
SOT due to SHE in the bulk, (b) SOT due to REE at the surface or interface and 
(c) damping- and filed-like SOT torque.  [38] 
          The general form of Hamiltonian for SOC is written as 
𝐻𝑆𝑂 = 𝜆𝑆𝑂
eff 𝝈 ∙ (𝒌 × ∇𝑉(𝑟)) 
where 𝑉(𝑟) is the potential of the electric field of the nucleus and 𝜆𝑆𝑂
eff  is the 
effective spin-orbit coupling constant, which is determined by the band structure 
of the material. Due to the gradient in the effective magnetic field that an electron 
experiences when approaching the nucleus, a force 𝐅 = −𝛁(𝛍 ∙ 𝐁) that depends 
on the spin orientation is acted on the electron, which results in a scattering of 
the electron and is the basis for the SHE mechanism. As a consequence, in 
SHE, an in-plane charge current Jc is converted to a out-of-plane spin current Js 
and the polarization of spins accumulated at the interface is perpendicular to both 
Jc and Js.  
          On the other hand, Rashba-Edelstein SOC is described by the Hamiltonian 





(𝒛 × 𝒑) ∙ 𝝈 
where 𝛼𝑅 is the Rashba-Edelstein parameter, 𝒑 is the electron momentum and 𝒛 
is the unit vector in the out-of-plane direction. For both cases, the SOTs are 
produced by the accumulation of spins at the NM/FM interface to control the FM 
magnetization (Fig 1.6c), which can be written as 
𝜏𝑆𝑂𝑇 = 𝜏𝐹𝐿 ∙ 𝒎 × 𝒚 + 𝜏𝐷𝐿 ∙ 𝒎 × (𝒎 × 𝒚) 
where 𝒎 denotes the unit vector of the FM magnetization direction, 𝒚 represents 
the unit vector orthogonal to the charge current direction and the out-of-plane 
direction, and 𝜏𝐹𝐿 and 𝜏𝐷𝐿 are the strength of the field-like SOT and damping-like 
SOT, respectively.  
          In terms of spintronic MRAM devices, the drawbacks of STT mentioned 
previously are overcome by SOT. As shown in Fig 1.7, SOT-MRAM uses a three-
terminal structure for writing and reading. Instead of passing the current through 
the tunnel barrier, the writing process is achieved by reversing the magnetization 
of the free layer using an in-plane current, which significantly enhances the 
endurance of the MTJ cell. Besides, one could further increase the tunneling 
magnetoresistance (TMR) ratio for a more stable reading by thickening the tunnel 
barrier. Moreover, the heat-assisted pulse and the corresponding incubation time 
is not required by SOT, which enhances the ability of fast magnetization 
switching. Last, as the SOT-induced spin current is generated by a series of spin-
orbit scatterings of a charge current, the spin angular momentum transferred by 
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one electron can be greater than one, which enables the high-efficiency of 
charge-to-spin conversion. 
 
Figure 1.7  Schematics of the MTJ unit cell in MRAM: (a) two-terminal STT-
MRAM and (b) three-terminal SOT-MRAM. [38] 
 
1.3.2 TI-based spintronic devices 
          Heavy metals with strong SOC have been utilized to generate in-plane 
charge-current-induced spin currents to switch the magnetization in an adjacent 
ferromagnet layer though SHE in the bulk [32] or REE at the interface [31]. The 
control of magnetic moments with in-plane current has shown promising potential 
in the miniaturization of spintronic memory and logic devices. In addition to heavy 
metals/FM bilayer systems, the TI/MTI heterostructures [23,24], with the giant-
SOC-induced band inversion structure, are of great interest in exploiting the 




Figure 1.8  Schematic of (a) TI/MTI heterostructure and (b) micrography of Hall 
bar device. [39] 
          Figure 1.9a shows the magnetization switching due to the SOT induced by 
an in-plane d.c. current in (Bi,Sb)2Te3/Cr-(Bi,Sb)2Te3 bilayer heterostructure. [39] 
In this case, the SOTs induced by accumulated spins’ angular momentum 
transfer to the magnetization 𝑴 is described as 𝜏𝑆𝑂𝑇 = −𝛾𝑴 × 𝑩𝑺𝑶, where the 
effective spin–orbit field 𝑩𝑺𝑶 = 𝐼𝜆𝑆𝑂
eff 𝒙 × 𝒎. In the experiment, both the external 
magnetic field and the d.c. current 𝐼𝑑.𝑐.are applied along the ±y axis. In the case 
of panel 1, the d.c. current-induced 𝑩𝑺𝑶 then points along the 𝜋 + 𝜃 direction, 
tiling up the 𝑴 with a positive z component 𝑀𝑧. The similar effect of current-
induced 𝑩𝑺𝑶 on 𝑴 for different configurations is illustrated in other panels of 
Figure 1.9a. Detailed external field and in-plane d.c. current dependent 
measurement are shown in Fig 1.9b,c. The results indicate that the out-of-plane 
component of magnetization 𝑀𝑧 can be switched by the in-plane d.c. current in 
the presence of an external field along y direction. According to the phase 
diagram of magnetization states (Fig 1.9d), the critical current density for the 
magnetization switching is below 8.9 × 104 A cm-2, revealing a high-efficiency in 
current-induced SOT in TI/MTI heterostructure.  
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Figure 1.9  Out-of-plane magnetization switching in MTI by an in-plane d.c. 
current induced SOT. [39] 
 
 
1.4 Quantum anomalous Hall effect and quantum computing 
          When a longitudinal current passes through a conductor in a perpendicular 
external magnetic field, the charge carriers are pulled to the transverse side of 
the conductor by Lorentz force and therefore a transverse voltage is established. 
This effect is called the Hall effect (Figure 1.10a), which was discovered in 1879 
by Edwin H. Hall. [40] The Hall effect links the magnetic field to the electrical 
voltage and thus provides a direct way to measure the magnetic field. Besides, 
 15 
the Hall effect has also been widely used to measure the mobility and density of 
the carriers in conducting materials. Followed by the discovery of Hall effect, 
Edwin H. Hall further found that the Hall effect is enhanced in the ferromagnetic 
materials nickel (Ni) and cobalt (Co), and can be observed even in the absence 
of external magnetic field. [41] This novel finding was later termed as the 
anomalous Hall effect (AHE) (Figure 1.10b), where the effect is approximately 
proportional to the magnetization of the FM materials instead of the external 
magnetic field. Though AHE seems intuitive and similar to ordinary Hall effect, 
the mechanism of AHE was not thoroughly explained until the recognition of the 
Berry phase in 1984, which is almost a century later than its discovery. [42]  
 
Figure 1.10  Schematic of (a) Hall effect, (b) anomalous Hall effect (AHE), and 
(c) the mechanism of AHE. [43] 
          In 1980, K. von Klitzing found that when increasing the external magnetic 
field, the Hall resistance 𝜌𝑥𝑦 in the Si/SiO2 field-effect transistor shows a series of 
well-defined plateaus and the longitudinal resistance 𝜌𝑥𝑦 becomes zero. [44] In 






discovery is then called the quantum Hall effect (QHE) (Fig 1.11), which reveals 
the quantization of resistance of two-dimensional (2D) electronic systems under 
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strong magnetic fields. In QHE, the density of states of 2D electron gas split into 
equally spaced Landau levels. With increasing the external magnetic field, the 
Fermi level of the 2D electron gas can lie between two neighboring Landau 
levels. In this case, the electrons in the bulk are localized while the electrons on 
the edge are able to propagate without resistance. Though the QHE shows 
tremendous potential for the dissipationless charge transport for future low-power 
consumption and high-speed electronic devices, the requirement of large 
external magnetic field makes it impossible for realistic applications. 
 
Figure 1.11  (a) schematic of the quantum Hall effect and (b) the transport 
measurement [45]. 
          The quantum anomalous Hall effect (QAHE), the quantized version of 
AHE, is then expected to overcome the huge barrier. QAHE exhibits the 
quantized Hall resistance of ℎ/𝑒2 without the existence of an external magnetic 
field (Fig 1.12). In 2010, Yu, et.al, [11] predicted that for thin films of magnetically 
doped (by Cr or Fe) 3D topological insulator Bi2Se3 or Bi2Te3, the system should 
exhibit the QAHE with a quantized Hall resistance of h/e2. Shortly after this 
prediction, the QAHE was experimentally observed in a Cr-(Bi,Sb)2Te3 MTI by 
Chang, et. Al [46] for the first time. In the absence of external magnetic field, the 
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anomalous Hall resistance that is tuned by the gate was found to be the 
predicted quantized value of h/e2. In addition, a large drop in the longitudinal 
resistance was observed upon the switching of Hall resistance. The longitudinal 
resistance becomes zero under a strong magnetic field, and the Hall resistance 
remains at the quantized value. Since the dissipationless edge states in QAHE 
does not require any magnetic field, the realization of QAHE has promising 
perspective in developing TI-based low-power consumption, quantum electronic 
and spintronic devices. 
 
Figure 1.12 Experimental observation of QAHE. (a) schematic of the 
experimental setup and the transport measurements in the (b) transverse and (c) 
longitudinal direction. [46] 
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          Following the successful realization of QAHE in MTI, one-dimensional 
chiral Majorana fermion modes were observed in the quantum anomalous Hall 
insulator (QAHI)/superconductor heterostructures in recent experiments. [47] 
This finding opens up the gate for topologically protected quantum computing via 
the control of Majorana fermions, which are particles that obey non-Abelian 
statistics and are immune to local perturbations. Chui-Zhen Chen, et al. 
theoretically predict a new platform for scalable topological quantum computation 
in quasi-one-dimensional quantum anomalous Hall structures. [48] Figure 1.13 
shows that a cross-shaped QAHI can be fabricated on a superconductor with 
four gates (G1-G4) on the top. To achieve the fundamental operation (CNOT 
gate) of quantum computing, G1 and G2 are turned on while G2 and G4 are 
turned off at the beginning and therefore the system is divided into three non-
trivial topological components with six Majorana modes (𝛾1 − 𝛾6). In this case, 
two fermionic modes 𝑐1 = (𝛾1 + 𝑖𝛾2)/2 and 𝑐2 = (𝛾4 + 𝑖𝛾3)/2 are formed by 
paring the Majorana modes 𝛾1with 𝛾2, and 𝛾3 with 𝛾4, respectively. (Pairing of 𝛾5 
and 𝛾6 is neglected since they are well separated). Each mode can be either 
empty or occupied by a fermion, which leads to two possible degenerate 
quantum states |0⟩ and |1⟩. Switching the state |00⟩ of the system into |11⟩ is 
then realized by doubling the following process: turning off G1 and then turning 
on G2, which moves 𝛾2 upward; turning off G3 and then turning on G1, which 
moves 𝛾3 from right to left; turning off G2 and then turning on G3, which moves 
𝛾2 to the left. Each process is called a braiding process, which lead to a 
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transformation of Majorana modes with a non-trivial relative phase between them 
as 𝛾2 → 𝛾3 and 𝛾3 → −𝛾2. 
 
Figure 1.13  (a) Schematic plot of a QAHI/superconductor system with four 
tunable gates (G1–G4) for quantum computing. (b) The projection of wave 
function onto the initial eigenstate as a function of time. [48] 
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          This chapter focuses on the experimental techniques used in this 
dissertation for the ultrafast optical characterization and manipulation of 
magnetization dynamics in MTI/antiferromagnet (AFM) heterostructures. Section 
2.1 introduces the microscopic and macroscopic concepts of the magneto-optical 
Kerr effect (MOKE) along with a variety of geometries for probing the 
magnetization response under an external magnetic field. Section 2.2 introduces 
the time-resolved magneto-optical Kerr effect (TRMOKE) which is utilized for the 
TRMOKE and pump-modulated MOKE measurement. Section 2.3 shows the 
experimental setup for both static MOKE and TRMOKE measurement. 
 
 
2.1 Magneto-optical Kerr effect 
          Magneto-optical Kerr effect (MOKE), discovered by John Kerr in the end of 
the nineteenth century, [1,2] describes the changes to light reflected from a 
magnetized surface or medium in terms of polarization, ellipticity or intensity. 
Therefore, it provides the powerful capability of determining the magnetic 
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properties for different systems via an optical probe. There are basically three 
types of geometry in MOKE and each of them is used to investigate the 
magnetization structure in different situations. In the longitudinal and transverse 
Kerr effect (Fig 2.1a and 2.1b), the magnetization lies in-plane and is parallel and 
perpendicular, respectively, to the incident plane of light. In the polar Kerr effect 
(Fig 2.1c), the magnetization is out-of-plane and parallel to the plane of incident.  
 
 
Figure 2.1  (a) Longitudinal, (b) transverse and (c) polar configuration of MOKE. 
 
          In the microscopic explanation for magneto-optic effect, light experiences a 
light-electron interaction which is described by the term (∇𝑉 × 𝒑) ∙ 𝒔 where ∇𝑉 is 
the potential gradient induced by light, and 𝒑 and 𝒔 are the momentum and spin 
of an electron, respectively. [3] In ferromagnetic materials, due to an imbalanced 
population of spin-up and spin-down electron, the collective light-electron 
interactions lead to the modulation of polarization, ellipticity, or polarized intensity 
of light, which links the magnetic and optical properties of FM materials. 
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          In the macroscopic description of MOKE, the basic idea is that the 
electromagnetic wave reflects off a medium with dielectric properties represented 
by the following 3×3 dielectric tensor,[4] 





where 𝜀0 is the average dielectric constant and 𝑸 = (𝑄𝑥 , 𝑄𝑦 , 𝑄𝑧) is the Voigt 
vector. In this case, two normal modes of the electromagnetic wave can be 




𝑸 ∙ 𝒌) and the right-circularly polarized with 𝑛𝑅 = 𝑛 (1 +
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𝑸 ∙ 𝒌). Here 𝑛 =
√𝜀 is the average refractive index and k is the unit vector along the wave-
propagation direction. Then, the complex rotation of the polarization plane with a 
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The real part of the complex rotation angle corresponds to the Kerr rotation, and 
the imaginary part is related to the Kerr ellipticity. Based on that, Fresnel 
coefficients, 𝑟𝑝𝑝 and 𝑟𝑝𝑠, for the incident and reflected field amplitude 𝐸
𝑖 and 𝐸𝑟 in 
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Table 2.1  The Fresnel coefficients for p polarized light incident on a magnetic 
layer. 𝜀 is the dielectric constant. The incident and the refracted angles in the 
magnetic layer are 𝜃1 and 𝜃2. (𝛼1 = 𝑐𝑜𝑠𝜃1 and 𝛼2 = 𝑐𝑜𝑠𝜃2) The Voigt coefficients 
𝑄𝑝, 𝑄𝑇 and 𝑄𝐿 depend linearly on the magnitude of the magnetization along the 
corresponding directions. [5,6] 
          Figure 2.2 shows the MOKE measurement in the Cr-(Bi,Sb)2Te3/CrSb 
bilayer sample at 78 K. The incident beam is s-polarized while the p-component 
of the reflected beam is extracted and then measured by the photodiode. The 
incident light has a small angle of less than 2° to the film normal, which probes 
the magnetic response in the perpendicular direction. The external magnetic field 
is applied with an estimate angle of 20° to the sample’s surface with a magnetic 
field range of ± 1815 Oe. The hysteresis loop manifest perfect squareness at 78 
K with subtraction of the slant background and thus indicates a well-developed 
ferromagnetic order in the Cr-(Bi,Sb)2Te3 layer. 
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          Figure 2.2 Static MOKE measurement of Cr-(Bi,Sb)2Te3/CrSb at 78 K. 
 
2.2 Time-resolved magneto-optical Kerr effect 
          Time-resolved magneto-optical Kerr effect (MOKE), which was firstly 
introduced in 1991, [7] uses pump-probe technique based on MOKE to 
characterize the magnetization dynamics of a magnetized medium in the time 
domain. (Figure 2.3) 
 
Figure 2.3 Schematic of pump-probe technique for transient MOKE 
measurement 
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          In a conventional TRMOKE setup, the pump pulses are incident to the 
sample surface with a higher intensity and larger beam size while probe beams 
with weaker intense and smaller beam size utilize the MOKE technique with 
crossed polarizers to detect the transient magnetization change. The pump-
modulated magnetization as a function of time can be obtained by controlling the 
pump-probe delay through the moving stage. Figure 2.4 shows the TRMOKE 
result of Cr(Bi,Sb)2Te3/CrSb bilayer heterostructure under an external field of 
1815 Oe at 78 K. The incoming probe light is s-polarized, and the analyzer of the 
reflected light is cross-polarized (p) to characterize the magnetization of the 
sample. The incident probe light has a small angle of less than 2° to the film 
normal, which probes the perpendicular magnetic response in the TRMOKE 
measurements. The pump pulse of 25 𝜇J/cm2 are incident to the sample surface 
with an angle of 25° with respect to the film normal.  
 
Figure 2.4  TRMOKE result of Cr(Bi,Sb)2Te3/CrSb heterostructure at 78 K 
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2.3 Experimental setup 
          The experimental setup for static MOKE measurement is shown in Fig. 
2.5. The probe light is generated by a Ti/sapphire amplifier laser system with 
150-fs pulses at 800-nm wavelength and a repetition rate of 250 kHz. First, the 
probe beam is modulated by a chopper, integrated with a lock-in amplifier and 
then the probe beam passes through a linear polarizer with polarization set to s. 
After that, the incoming probe beam is focused on the sample surface by the 
lens. The incident angle of the probe beam is set to less than 2°, which 
corresponds to the polar MOKE configuration. The reflected beam passes 
through an analyzer which is cross-polarized with the polarizer and finally 
reaches the photodetector. The external magnetic field is applied with an 
estimate angle of 20° to the sample’s surface with a magnetic field range of ± 
1815 Oe. 
 
Figure 2.5 Schematic of MOKE setup 
 30 
          The experimental setup for TRMOKE and pump-modulated MOKE 
measurement is shown in Fig. 2.6. The pump and probe beam are generated by a 
beam splitter with a designated ratio. The probe fluence is set as 5 μJ/cm2 and the 
pump fluence varies from 10-250 μJ/cm2. After passing through the delay stage, 
the pump beam is modulated by a chopper, polarized by a polarizer and then 
focused on the sample surface with diameter of 0.4 mm. The incident angle of 
pump beam is set to 25° with respect to the film normal. The probe beams keep 
the same setting for polar MOKE configuration as static MOKE measurements. 
The direction of the applied field is also the same as in static MOKE case. A fixed 
pump-probe delay of 60 ps is chosen for the pump fluence dependent 
measurements, and additional pump-probie delays of 270 ps and 770 ps are set 
to study the evolution in the time domain. The applied external field in these 
measurements is ± 1452 Oe. 
 
Figure 2.6  Schematic of TRMOKE and pump-modulated MOKE setup 
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Magnetization dynamics in Cr-(Bi,Sb)2Te3/CrSb heterostructure 
 
          Optical control of the unique properties in topological insulator systems is 
important in achieving practical applications for novel ultrafast optoelectronics 
and spintronics. In this chapter, we present the experimental observation of the 
photo-induced magnetization dynamics in magnetically doped topological 
insulator/antiferromagnet (AFM) bilayer based on Cr-(Bi,Sb)2Te3/CrSb 
heterostructure. We observe spin-valve-like magneto-optic Kerr effect (MOKE) 
loops modulated by laser irradiation. We then distinguish the characters of the 
soft and resilient ferromagnetic phases in terms of the spin coupling between the 
dynamical surface and bulk ferromagnetism. The dynamical bulk ferromagnetic 
ordering is strikingly softened by laser-induced heating on the lattice, whereas 
the dynamical surface magnetization is strongly enhanced due to the 
strengthening Dirac-hole-mediated exchange coupling. In addition, the pump-
fluence-dependent exchange-bias effect provides further evidence for the 
enhancement of ferromagnetic order at the surface Dirac state near the MTI/AFM 
interface. Lastly, a theoretical model is proposed, and the sizes of exchange 
coupling energies are estimated in the MTI/AFM bilayer structure. The unique 
feature in MTIs allows a dynamical magnetic state with antiparallel spin 
configuration, which is novel and distinctive in the development of optically 
controlled spintronic devices for future ultrafast computing and memory solutions. 
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3.1 Introduction 
          By introducing additional magnetic orders, breaking of time-reversal 
symmetry (TRS) in topological Dirac states brings about influential phenomena 
such as a quantum anomalous Hall effect [1] (QAHE) and magnetoelectric effect 
[2]. There are two effective ways to generate the magnetic ordering in topological 
insulators. One is incorporating magnetic impurities into TIs [1-3], and another 
approach is via proximity effect with a ferromagnetic or antiferromagnetic layer. 
[4,5] In both cases, a gap across the node of a surface Dirac band is opened along 
with spin and valley degeneracy removed, coalescing the metallic massless Dirac 
fermions into a massive state. [3] The magnetism in MTIs originates from two 
possible mechanisms. One is the Van Vleck valence-electron-mediated 
ferromagnetism which relates to the coupling between localized p electrons and 
Cr 3d-orbit moment. [1] The other is Ruderman–Kittel–Kasuya–Yoshida (RKKY) 
interaction arising from Anderson impurity model where magnetic impurities are 
coupled through the mediation of itinerant fermions. [6-8] Due to the electronic 
localization of inverted bands caused by large spin-orbit coupling, the Van Vleck 
mechanism is believed to be dominating in MTIs bulk magnetization, [1] while the 
surface magnetization in MTIs is primarily attributed to RKKY coupling mediated 
by delocalized fermions at Dirac states [6-9]. Recent experimental studies 
demonstrate that the long-range ferromagnetic ordering in MTIs has the nature of 
carrier-independent van Vleck–type ferromagnetism. [10,11] Meanwhile, 
signatures of carrier-dependent RKKY magnetization are reported in MTIs by the 
manipulation of the chemical potential by electrostatic gates under proper 
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magnetic ion doping. [12-14] Although present studies on both bulk and surface 
magnetic properties in MTIs have made significant progress, the in-depth 
understanding of the exchange couplings and the interaction between the two 
magnetization sources is far from completion. So far, there are few optical studies 
on the magnetic properties in MTI although the effort of photoexcited 
measurements can help understanding as well as utilizing the magnetization in 
MTI based materials. In addition, few reports involve a quantitative analysis of the 
exchange coupling constants in MTI systems. It is noted that several studies have 
investigated the response of either surface or bulk electrons to photon excitation 
in TI materials. [15-18] Moreover, very short-lived (200 fs) magnetization was 
observed in TI materials under ultrafast photoexcitation. [19-21] These reports 
illuminate the path for the optical research on the magnetization and spin dynamics 
in magnetic TI systems. 
 
 
3.2 Samples and experiments 
          The Cr-doped (Bi,Sb)2Te3 (10 nm)/CrSb (10 nm) heterostructures are 
epitaxially grown on epi- ready semi-insulating GaAs(111)B substrates. The 
lattice constants a = 4.122 Å of AFM CrSb is close to that of Cr-doped 
(Bi,Sb)2Te3 (𝑎 = 4.262–4.383 Å) [5,22], which enhances the feasibility for growing 
such MTI/AFM heterostructures by molecular beam epitaxy. To avoid the three-
dimensional growth mode of CrSb with low crystal quality, a 2-nm buffer layer of 
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undoped (Bi, Sb)2Te3 is grown firstly on the GaAs substrate before the growth of 
CrSb. After the film growth, a 2 nm Al layer is evaporated on the sample surface 
in situ at room temperature to prevent contamination and oxidation. In the MTI 
layers, the Bi:Sb ratio is set to be 0.3:0.7 and the Cr- doping concentration is 
13%, which places the Fermi level within the surface band gap, resulting in an 
insulating character. [5] Fig 3.1a shows the high-resolution transmission electron 
microscopy images of Cr-doped (Bi,Sb)2Te3/CrSb heterostructures. [5] The high 
crystal quality and clean interface allows for probing the surface and interfacial 
effect through MOKE spectroscopy. 
 
Figure 3.1  Sample characterization and schematic of crystal structure 
          The crystal structure of Cr-(Bi,Sb)2Te3/CrSb heterostructures is depicted in 
Fig. 3.1b with the magnetic moments of Cr atoms denoted by arrows. It is notable 
that the ferromagnetism of the MTI layer is greatly enhanced through proximity 
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effects corresponding to the AFM/MTI interfacial exchange coupling. [5] 
Meanwhile, the spin coupling along the c-axis of MTI shows a characteristic of 
long-range ferromagnetic ordering across the van-der-Waals gaps within the MTI 
quintuple layers. Because the Néel temperature (TN) of AFM layers is up to ∼700 
K, the ferromagnetic order from the long-range exchange coupling in MTI can 
survive at much higher temperatures as compared to that of single MTI layer. The 
static magnetic property of Cr-(Bi,Sb)2Te3/CrSb heterostructures is studied by 
polar MOKE measurements (Fig. 3.1c), where the hysteresis loops manifest 
perfect squareness at 78 K with subtraction of the slant background and thus 
indicate a well-developed ferromagnetic order. Due to the enhanced perpendicular 
magnetic anisotropy by interfacial exchange coupling with AFM layer, the effective 
magnetization of the MTI layer is assumed to be only slightly canted with respect 
to the surface normal (z direction) under the applied external field. 
 
 
3.3 Photoinduced dynamics of spin-valve-like magnetization 
          Pump-modulated MOKE measurements are carried out subsequently to 
investigate the photoinduced magnetic dynamics related to different spin species 
in MTIs. The probe light is incident at a small angle of less than 2° to the film 
normal, which basically senses the magnetic response in the polar direction. Fig. 
3.2a-d shows the transient MOKE loops modulated by p-polarized pump light of 
different excitation fluences 𝐼 with a fixed pump-probe delay of 60 ps.  
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Figure 3.2  Pump-modulated MOKE results of Cr-(Bi,Sb)2Te3/CrSb at 78 K 
          With the lowest pump fluence 𝐼 = 10 μJ/cm2, the transient MOKE loop 
shows a perfect squareness that indicates a hard feature of spin coupling in the 
MTI layer, as depicted in Fig. 3.2a, where the shape of the loop and the coercive 
field are comparable to the static MOKE loops at 78 K. Since the pump-probe 
MOKE measurement directly captures the change of magnetization, the transient 
loop no longer exhibits a slant background signal similar to static MOKE loops. 
As we increase the pump fluence to 38 μJ/cm2, the photoinduced dynamical 
magnetization enhances, and the transient MOKE loop shows a softer dynamical 
ferromagnetic order with the coercivity significantly reduced and a feature of spin 
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rotation, as displayed in Fig. 3.2b. However, when the excitation fluence is 
increased to 95 μJ/cm2 (Fig. 3.2c) and finally set to be 153 μJ/cm2 (Fig. 3.2d), we 
observe a ‘two-step’ MOKE hysteresis loop that is different from the low pump 
fluence cases but is similar to the feature of a spin valve with two different 
ferromagnetic phases. [23,24] With the loop evolving into the two distinctive 
phases, it is salient that one soft part narrows sharply along with the coercivity 
dramatically reduced to 33 Oe, showing an extremely soft dynamical spin 
coupling; on the other hand, another part exhibits a resilient feature and the 
saturation field still stays around 430 Oe, indicating a harder dynamical 
ferromagnetic ordering. Such a dynamical magnetic structure is analogous to a 
spin-valve-like “hard-soft” bilayer set. The complete pump-modulated MOKE 
results are shown in Fig. 3.3 with pump fluences from 10 −153 𝜇J/cm2. The static 
MOKE signal for comparison is 1.5×10
5
 mV. When the pump fluence reaches 67 
𝜇J/cm2, the MOKE signal starts to saturate and a spin-valve-like magnetization 
behavior is revealed. 
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Figure 3.3  Pump-fluence dependent transient MOKE data 
          Next, to exhibit the photoinduced magnetization enhancement as a 
function of pumping intensity, the magnitude of the Kerr signal of each loop 
combined with static MOKE background versus pump fluence is plotted in Fig. 
3.4. The magnetization Kerr signal increases with increasing the pump fluence in 
general, however, the increment is notably significant before pump intensity rises 
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up to 67 μJ/cm2. At higher pump energy fluences, the increasing tendency 
retards and the change of Kerr signal approaches a level of saturation. 
 
Figure 3.4  Pump-fluence-dependent result of magnetization enhancement 
 
 
3.4 Photo-enhanced exchange bias effect 
          Aside from the results above, another important observation is the photo-
induced dynamical exchange-bias effect and its dependency on the pump fluence. 
By comparing the original transient MOKE loops and the same loops that are 
flipped with respect to the center, one notices the salient offsets of the magnetic 
field though they are not uniformly distributed in all the loops (Fig. 3.3). For the 
 41 
low-pump-modulated hysteresis loops with a relatively well-coupled ferromagnetic 
order, one can directly recognize the maximum dynamical exchange-bias fields 
from the distinct left and right coercivity fields (HCL and HCR), as seen in Fig. 3.2a 
& 3.2b. But for the transient hysteresis loops of high pump intensity, the positions 
where the exchange bias effect occurs most remarkably shift to the resilient 
component of the pump-modulated MOKE loops while the field offsets in the soft 
component are quite slight and barely noticeable, as seen in Fig. 3.2c & 3.2d. On 
that account, the dynamical exchange-bias effect should be affiliated specifically 
with the magnetization mechanism that is encompassed in the resilient component 
of the loops. To elucidate the pump dependency of the corresponding magnetic 
origin, we show the magnitude of the maximum exchange-bias field as a function 
of pump fluence in Fig. 3.5. The dynamical exchange-bias field Heb reaches a 
plateau of around 60 Oe after the initial increase from 7 Oe. Due to the strong 
interfacial spin coupling with the CrSb layer, more attention may conceivably be 
given to the interface rather than the bulk in terms of the exchange-bias effect.  
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          The pump-modulated MOKE results (Fig. 3.2a-d) from low to high pump 
fluence shows the dramatic softening of one dynamical ferromagnetic phase, the 
resilience of the other dynamical ferromagnetic phase and the enhancing 
exchange bias effect. To understand the spin-valve-like structure in the transient 
MOKE loop and the dynamical process with increasing the pump fluence, we first 
note that, for MTIs, the surface-state magnetization is predominated by the carrier-
impurity RKKY interaction between the Dirac holes and the impurity spins, while 
the bulk-state magnetization originates from the long-range Van Vleck p-d spin 
coupling among local moments. With the photo-injection of spin-polarized holes at 
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surface Dirac bands, the surface-state magnetization transiently enhances as the 
spontaneous ferromagnetic ordering is established at the surface. The estimated 
photo-excited Dirac hole density 𝑛𝑐 with the maximum pump fluence range from 4 
– 8 × 1012 cm2, which is adequate for the strengthening of the local spin coupling 
at surfaces. On the other hand, the dynamical component of the bulk spins 
becomes soft due to the transient thermal effect on the lattice by photoexcited 
electron-electron and electron-phonon scattering. If we map the coercive field of 
the soft component in the pump-modulated MOKE loop at the highest pump 
fluence back to the temperature-dependent static MOKE loops (Figure 3.1c), the 
corresponding anisotropic feature is similar to the 120-K MOKE loop. In fact, within 
the first few picoseconds after the laser pulse, electrons are excited to a high 
temperature and then the energy is transferred to the lattice through electron-
electron and electron-phonon scattering. The estimation of the temperature 






∆𝑇, where D is the length 
of absorption, 𝜌 = 6.5 g/cm3 and M = 626 is the density and molecular weight of 
Sb2Te3, respectively, C̅𝑝 = 110 J∙mol
-1K-1 is the averaged special heat capacity, 
and 𝐴 = 𝜋𝑟2 is the effective irradiation area. Considering the limits of a zero and 
full reflection of light passing through the MTI layer, the increase of temperature 
with the estimated reflection of Sb2Te3 single crystal 𝑅  = 50% [25,26], the 
estimated absorption coefficient for Sb2Te3 thin film 𝛼 =
4𝜋𝜅
𝜆
=  0.047 nm-1 [27,28] 
and a pump fluence of 153 𝜇J/cm2, is in the range of ∆T = 26 − 42 K with D = 10 
nm and 20 nm correspondingly. Though the soft components in the pump-
modulated MOKE loop reveals the impact of laser heating on the dynamical bulk 
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magnetization, the magnitude of pump-modulated Kerr signals increases overall 
as a function of pump fluence, as the surface ferromagnetism in the MTI is more 
robust and the dynamical magnetization in the bulk is enhanced through the 
coupling with the dynamical surface magnetization. Then, the soft component in 
the spin-valve-like MOKE loops is ascribed to the weakly-coupled dynamical bulk 
magnetization, and the enhancing dynamical surface-state magnetization, 
conspiring with the adjacent strongly-coupled dynamical bulk magnetization, is 
responsible for the resilient component of the pump-modulated MOKE loops, 
where the pronounced exchange bias effect occurs.  
          Next, we elucidate the evolution of spin-valve-like hysteresis loops as 
follows. When the pump fluence is low, the surface RKKY exchange interaction is 
relatively weak and the long-range Van Vleck exchange coupling in the bulk is 
not strongly affected by the small thermal effect. Correspondingly, dynamical 
magnetic moments at the surface and in the bulk are well coupled in a uniform 
anisotropy, though the dynamical ferromagnetism reveals a stronger rotatable 
feature with increasing the pump fluence. When the pump fluence becomes fairly 
high, the dynamical surface magnetization strongly enhances due to the more 
robust carrier-mediated RKKY exchange interaction, and the dynamical 
magnetization of the adjacent bulk layers are strongly-coupled with the 
enhancing surface magnetization in one magnetic state. On the other hand, the 
dynamical magnetization belonging to father bulk layers are much weakly-
coupled due to the poor long-range ferromagnetic order of the bulk 
ferromagnetism (illustrated in Fig 3.2a & 3.2b) and becomes extremely soft by 
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the laser-induced thermal effect. Therefore, macroscopically, the divergent 
photo-induced effects on the different dynamical ferromagnetic phases leads to a 
mismatch of the concomitant coercive fields. As a consequence, the weakly-
coupled dynamical bulk magnetization with soft anisotropic feature is considered 
to be relatively “free” and behaves as a “soft” layer, and the enhanced 
spontaneous surface magnetization, along with the strongly-coupled dynamical 
bulk magnetization, is more “fixed” and behaves as a “hard” layer, as shown in 
Fig. 3.6, where a spin-valve-like character of dynamical magnetization is formed. 
Figure 3.7 schematically shows a dynamical spin model consisting of the surface, 
strongly-coupled bulk and weakly-coupled bulk layers in the MTI 
Cr0.26(Bi0.3Sb0.7)1.74Te3 under external field switching. The spin texture in MTI 
layers is determined by the competition among the Zeeman energies of the 
interface exchange coupling, strongly-coupled dynamical magnetization and 
weakly-coupled dynamical magnetization. 
 
Figure 3.6  Model of pump-modulated dynamical ferromagnetic phases 
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Figure 3.7  Schematic of the coupling model of the three dynamical 
ferromagnetic phases in Cr-(Bi,Sb)2Te3/CrSb heterostrucutre 
          To corroborate our discussion on the optical enhancement of surface 
ferromagnetism, we then consider the dynamical exchange-bias effect that stems 
from the exchange energy of MTI/AFM interface. It is unambiguous that the 
increasing exchange-bias field (Fig. 3.5) with growing number of photo-excited 
Dirac holes is another decisive evidence for the strengthening of magnetization 
at the surface. The onset of the perpendicular exchange-bias can be explained 
by Meiklejohn and Bean’s exchange anisotropy model. [29,30] The macroscopic 






where Jeb is the effective interfacial exchange energy, SCrSb is the spin in the top 
CrSb layer, SMTI is the spin of MTI magnetic ions at the surface of single MTI thin 
film,  𝑎2 is the unit cell area and tMTI is the thickness of MTI surface state. As 
described in the equation above, the exchange-bias effect rises only when the 
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spontaneous surface ferromagnetism in MTI enhances. In the high pump fluence 
case, because dynamical magnetic layers are differentiated due to disparate 
types of spin coupling mechanism, tMTI only denotes the thickness of magnetic 
layers at the interface (typically few monolayers). In the other aspect, if only bulk 
Van Vleck magnetism dominates in MTI, no exchange-bias effect shall be 
noticeable even with the presence of proximity effect from the AFM layer. Indeed, 
the latter case exactly corresponds to the fact that we do not detect an 
exchange-bias effect from the static MOKE loops (See supplementary) when the 
magnetization only arises from long-range Van Vleck p-d interactions. 
Consequently, the shift of the remarkable exchange bias effect to the resilient 
component with increasing the photoexcitation suggests that the resilient 
components of the pump-modulated MOKE loops are significantly contributed by 
the surface atomic layers in Cr-(Bi,Sb)2Te3 at the Cr-(Bi,Sb)2Te3/CrSb interface. 
          The transient MOKE loops at different pump-probe delays provide further 
support to the aforementioned scheme of two-component ferromagnetism in the 
MTI layer. First, as shown in Fig. 3.8, the photo-induced magnetization 
enhancement reduces over the pump-probe delay time, which reveals the 
recombination of photoexcited Dirac holes at the surface. Second, the narrowing 
of the resilient components of the transient MOKE loops (shown in Fig. 3.8) 
suggests that the dynamical surface magnetization along with the strongly-coupled 
dynamical bulk ferromagnetic ordering reduces evidently due to weakening of the 
strength of carrier-impurity exchange coupling. This also excludes the possibility 
of demagnetization that may be attributed to the pump-modulated MOKE signal 
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since in that case the transient loop shouldn’t narrow down as temperature 
recovers. Though the magnetization enhancement decreases over the pump-
probe delay, the dynamical exchange bias effect does not change much since the 
surface magnetization is still around saturation. The relevant ferromagnetic phase 
is still noticeable at the pump-probe delay of 766 ps, indicating that the electronic 
relaxation is considerably slow across the bottleneck of Dirac cone. In addition, the 
invariability of the soft component within 766 ps suggests a even slower recovering 
mechanism of bulk ferromagnetism that is related to an enduring process of heat 
dissipation. 
 




3.6 Theoretical modeling and quantitive analysis   
          We quantitively analyze the photo-induced magnetization dynamics through 
a theoretical model including the carrier-impurity exchange coupling energy Jci and 
local p-d exchange coupling energy Jpd, 
〈Sz〉
S





















where  BS(𝑥) is the Brillouin function, 𝑥 is the concentration of magnetic impurities,  
Jpd  is the effective exchange constant for Van Vleck p-d spin coupling, S is the 
spin of a magnetic ion, s is the spin of a Dirac fermion (surface hole),  
〈Sz〉
S
 is the 
impurity magnetization, 𝑎2 = 0.16 nm2 is the area of unit cell at the surface, ni = 
0.13/𝑎2 is the surface impurity density and T is the temperature. The dashed lines 
corresponding to theoretical fitting in Fig. 3.4 and Fig 3.5 are in a perfect agreement 
with the experimental data. The derived value of Jpd  from the result of photo-
induced magnetization change (Fig 2b) is Jpd = 35 meV, which is on the same 
order of magnitude of the electron–dopant interaction energy J = 70−100 meV of 
similar MTI Cr0.08(Bi0.1Sb0.9)1.92Te3 that is obtained from the atomic-scale 
Quantitative phase imaging at a temperature of 4.5 K. [31] The carrier-impurity 
exchange coupling energy density is estimated by Jci𝑎
2= 0.4 − 0.7 eV∙nm2 with 
𝑎2 = 0.16 nm2. The lower and upper limit of this value corresponds to the zero and 
full back reflection of the pump pulses behind the MTI layer, respectively. 
Importantly, Jci𝑎
2 = 0.4 − 0.8 eV∙nm2 estimated from the analysis of exchange 
bias effect is comparable to the above value, which consolidates our discussion 
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on the magnetization dynamics, especially for the enhancement of surface 
ferromagnetism. The consistencies indicate that the model we proposed is proper 
and valid in terms of understanding our experimental results. In the end, we 
estimate the exchange energy Jeb at the MTI/AFM interface. In our highest-pump 
fluence case, with tMTI = 0.43 nm being the thickness of three monolayers in the 
vicinity of AFM and MMTI = 50 e.m.u/cm
3 being the MTI’s saturated magnetization 
[5], we obtain the interfacial energy 𝜎 = 1 × 10-4erg/cm2  from 𝜎 = HebMMTItMTI . 
Then, with SAFM  = 
3
2
 and S = 
3
2
, the interlayer exchange coupling parameter is 
estimated as  Jeb = 1 × 10
-19
 erg.  The size of Jeb is three orders of magnitude 
smaller than typical perpendicularly exchange-biased FM/AFM systems such as 
[Pt/Co]/Cr2O3 and [Pt/Co]/IrMn, where the exchange couplings are believed to be 
short-range interactions. [32,33] 
          Based upon the theoretical analysis, we model the phase diagrams of the 
total magnetization of the MTI/AFM heterostructure at various Dirac hole densities 
and temperatures. For simplicity, we assume that there is a full reflection of light 
passing through the MTI layer. The result might be inspiring for realizing room-
temperature surface ferromagnetism of MTIs through the manipulation of carrier 
concentration. Figure 3.9 reveals that, when the Cr dopant concentration is 2%, 
the total magnetization is mainly controlled by temperature. As the dopant 
concentration increases, the characteristic temperature for ferromagnetic 
transition goes up, and more prominently, the injected carrier population 
contributes more and more to the total magnetization. It is important to note that in 
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our range of excited Dirac hole densities, the surface-state magnetization is still 
related to RKKY coupling instead of Kondo physics (nc/ni ≫1). [34] Besides, when 
the dopant concentration becomes fairly large, the effect of antiferromagnetic 
coupling amongst the impurity moments emerges so that the current model may 
not be applicable anymore. 
 
Figure 3.9  Computed phase diagrams of the total magnetization vs Dirac hole 
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Carrier dynamics in Cr-(Bi,Sb)2Te3/CrSb heterostructure 
 
          The interaction between light and massive Dirac electronic states raises 
promising prospective in achieving novel fundamental physics and applications of 
optoelectronic and spintronic devices. In this chapter, we use pump-probe 
reflectivity and magneto-optical measurements to investigate the photoexcited 
bulk and Dirac surface state dynamics in magnetically doped topological insulator 
(MTI) Cr-(Bi,Sb)2Te3 based on Cr-(Bi,Sb)2Te3/CrSb heterostructure. We 
observe ultralong carrier lifetimes (3 ~ 20 ns) of the optically pumped surface 
states due to slow radiative recombination within the gapped Dirac cone. The 
photoinjection dependency of radiative lifetimes suggests a strong Coulomb 
screening effect of electron-hole plasma on surface excitons. The results are in 
perfect agreement with our theoretical analysis, which incorporates the screening 
model with two-dimensional hydron-like Schrodinger equation of surface 
excitons. On the other hand, we identify the nonradiative nature of bulk relaxation 
with a lifetime of ~ 1000 ps through photoinjection- and temperature- dependent 
reflectivity measurements. The findings of long-lived excited carriers in MTI 






          Magnetic topological quantum materials have been highlighted recently 
along with the observation of novel phenomena such as quantum anomalous 
Hall effect (QAHE) [1] and magnetoelectric effect [2]. Due to the topological 
protection by time-reversal Z2 invariant number, the electronic or magnetic states 
in magnetic topological insulators (MTIs) are robust against symmetry-breaking 
local perturbations. The unique surface properties of topological insulator (TI) 
make it an ideal system for novel applications. The interaction between surface 
state carriers and spontaneous magnetization leads to critical spintronic 
phenomena in MTI based materials, such as magnetoresistance effect [3] and 
current-induced switching of the magnetization [4]. Understanding of surface-
state carrier dynamics and carrier-mediated magnetization in MTIs appears to be 
crucial in providing fertile ground for topological spintronic devices. Recent 
reports show electrically controlled magnetization for surface states on 
magnetically doped TIs through manipulation of the chemical potential by 
electrostatic gates, [5-7] which confirms the theoretically proposed ferromagnetic 
mechanism of Ruderman–Kittel–Kasuya–Yoshida (RKKY) interaction. [8-10] On 
the other hand, optical control of Dirac fermions in MTIs is important in 
understanding and utilizing photoexcited carrier and spin dynamics at short time 
scales. The ultrafast dynamics of photoexcited carriers of surface and bulk state 
across different series of TIs were investigated by many time- and angle-resolved 
photoemission spectroscopy (TARPES) studies. [11-13] Among those reports, 
long lifetime (a few ps) of photoexcited carriers at surface states are observed 
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due to vanishing phase space at Dirac point in 2D Dirac material. [13] Echoing 
the TARPES studies, the response of either surface or bulk state to photon 
excitation in nontrivial TI systems is also reported in several pump-probe studies, 
where the light helicity is utilized for selective band excitation. [14-16] However, 
for the topological surface state associated with gapped Dirac cone in MTI, the 
photoexcited carrier dynamics is not yet studied although it is critical for optical 
control of the corresponding spin dynamics. 
 
 
4.2 Model of surface carrier relaxation 
          We first investigate the exited carrier dynamics in the gapped Dirac cone of 
MTI surface states. The experimental measurement is performed by pump-probe 
TRMOKE (see methods) at a temperature of 78 K, where the transient Kerr signal 
∆𝜃K(𝑡)  is proportional to the magnetization dynamics ∆𝑀(𝑡)  in the MTI/AFM 
heterostructure. The magnetization in Cr-doped (Bi,Sb)2Te3/CrSb thin films 
originates from the mechanism of surface-carrier-mediated (Dirac hole) RKKY 
coupling among magnetic ions at the surface, [5-7] and mechanism of the valence-
electron Van-Vleck-type mediation on spin coupling of local impurity in the bulk. 
[1,17,18] Figure 4.1 displays the TRMOKE results of Cr0.26(Bi0.3Sb0.7)1.84Te3/ CrSb 
heterostructure at 78 K with different pump fluences. At low-pump intensity, such 
as 𝐼 = 25 μJ/cm2, the Kerr signal ∆𝜃K clearly exhibits a faster relaxation than in the 
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high-intensity pump region, e.g. 𝐼 =  191 μJ/cm2, where the relaxation of the 
magnetization dynamics is obviously prolonged.  
 
Figure 4.1  Pump-fluence dependent TRMOKE results 
          In order to reveal the carrier dynamics that is associated with the relaxation 
of magnetization, we incorporate a multi-decay carrier relaxation model into our 
proposed carrier-mediated magnetization model in last chapter to study the Dirac-
state-carrier (hole) dynamics under different pump intensities for Cr-
(Bi,Sb)2Te3/CrSb systems. We assume that the decay of excited Dirac holes 
follows a two-lifetime model, nc(𝑡) = nc0 × (𝑟𝑒
−
𝑡
𝜏1 + (1 − 𝑟)𝑒
−
𝑡
𝜏2), where nc0 is the 
concentration of photogenerated Dirac holes, 𝜏1 and 𝜏2 are relaxation lifetimes of 
two components respectively, and 𝑟 represents the fraction of carriers for different 
relaxation channels. With the predetermined p-d and carrier-impurity exchange 
coupling energies, [17] the integrated model that combines the carrier relaxation 
with magnetization dynamics shows a perfect fit for our TRMOKE results (Fig 4.1). 
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From the derived values of relaxation lifetimes, one observes that the shorter 
lifetime 𝜏1 ~ 100 ps varies very little with pump intensity and is independent of the 
surface hole injection, as shown in Fig. 4.1 insert. On the other hand, the longer 
lifetime 𝜏2  first droops significantly with increase of photoexcited surface hole 
density nc (see supplementary) until nc reaches around 4 × 10
12
cm-2, after which 
the lifetime 𝜏2 rises as nc increases.  With respect to the shorter lifetime 𝜏1 ~ 100 
ps, we suspect that the corresponding relaxation process is likely to be phonon-
assisted electron-hole trapping by defects at the surface. According to the 
Shockley-Read-Hall (SRH) model, [19,20] when the background density is much 
less than the excess electron and hole density, i.e. 𝑛0 ≪ 𝑛𝑒, 𝑛ℎ, the lifetime of SRH 
recombination remains constant as carrier density goes up. Besides, as shown in 
Fig. 4.2a, the derived carrier density 𝑛1 of the fast-decaying population saturates 
to a relatively small value as the overall photoexcited carrier density increases, 
which confirms the mechanics that, as illustrated in Fig. 4.2b, when the surface 
defects become fully occupied by electrons, the fast trap-assisted recombination 
ceases to be effective. Therefore, it is also reasonable that the other component 
𝑛2 shows a linear relationship with pump intensity since the remaining population 
of excited carriers recombines in a much slower way when the fast relaxation 
channel is impeded. 
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Figure 4.2 (a) Surface carrier populations of different relaxation channel with 
increasing the pump fluence and (b) schematic of the fast relaxation model 
 
 
4.3 2D Coulomb screening of radiative recombination 
          Next, we discuss the most interesting observation of the relaxation 
dynamics that is associated with the longer lifetime 𝜏2 that ranges from around 3 
ns to 20 ns. Different from the surface-state carrier relaxation in the case of 
massless Dirac cones, [11,13] we believe that the primary channel of carrier 
relaxation within the massive Dirac states in Cr-doped (Bi,Sb)2Te3 MTI is the 
radiative carrier recombination across the upper and lower Dirac cones. The 
order of magnitude of lifetime 𝜏2 is greater than the observed lifetime (~ 300 ps) 
for excited electrons at surface state of p-type TI (Sb0.71Bi0.29)2Te3 [13], while 
significantly smaller than the lifetime (~ 4 𝜇s) for n-type TI Bi2Te2Se [11]. In both 
cases, the carrier recombination is considered to be intra- band nonradiative 
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scattering within the massless Dirac cone. In ref. 13, the gigantic lifetime ~ 4 𝜇s 
of excited surface states is ascribed to a photoinduced ~ 100 meV shift of the 
chemical potential of the Dirac surface states (i.e. surface photovoltage), while in 
ref. 11, the prolonged recovery time of surface states is due to the reduced 
phase space for scattering within Dirac cone rather than surface photovoltage. 
Since the vanishing phase space at the bottleneck of the massless Dirac cone 
strongly blocks the fast electron-phonon scattering, it is very likely that, in our 
case, the opening of the gap across the Dirac point can almost shut off the 
nonradiative relaxation process and results in a population inversion in the upper 
Dirac cone. Therefore, it is possible that the excited carriers recombine 
radiatively. Indeed, as shown in Fig. 4.3a, the result of 𝜏2 matches well with the 
decreasing trend of radiative combination as a function of carrier density in the 
low-injection regime. Furthermore, as discussed later, it also shows a good 
quantative agreement with a regular radiative recombination model. On the other 
hand, when the photoinjection increases, a dramatic reduction of the radiative 
recombination coefficient occurs as 𝜏2 increases. Such a sudden and dramatics 
increase of relaxation lifetime 𝜏2 suggests an additional Coulomb screening effect 
amongst electrons and holes that are involved in the radiative recombination. 
[21-23] Accordingly, this effect should be taken into consideration in the radiative 
recombination mechanism for a thorough understanding of the surface carrier 
relaxation across the whole injection range. 
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Figure 4.3  (a) Theoretical analysis with 2D Coulomb screening model and (b) 
simulated results of corresponding parameters. 
          To illustrate the Coulomb screening effect theoretically, we express the 
integral radiative recombination rate R with Coulomb enhancement factors as 
R = B𝑏𝑏𝑛𝑝 + B𝑒𝑛𝑝∑ |𝜓𝑛s(0)|
2
exp(−𝐸𝑛s/𝑘𝑇)𝑛s , 
where B𝑏𝑏 is the effective recombination coefficient for unbound states (free 
electrons and holes), B𝑒 is the effective recombination probability for excitonic 
states, 𝑛s is the corresponding quantum number for excitonic s states, 𝐸𝑛s is the 
energy level and |𝜓𝑛s(0)|
2
is the probability of the wave function for electrons at 
the position of holes. The Coulomb attraction significantly improves the 
probability that an electron and hole appear at the same position, and thus 
becomes a predominant factor in the recombination process. Here, we assume 
that the primary contribution to the recombination rate R comes from the 
excitonic recombination in s states (especially 1s state, since higher states are 
likely to have very low binding energies), and thus we mainly focus on the 
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screening effect on exciton recombination and treat radiative band-to-band 
coefficient as a constant. As the density of electron-hole plasma rises, the 
Coulomb enhancement in radiative recombination can be weakened due to the 
increase of the screening length ξ. To incorporate the screening effect 
theoretically, we need to find the s-state wave function 𝜓𝑛s(𝑟) and the energy 
level 𝐸𝑛s  of excitons with the inclusion of screening length ξ. In our case the 
temperature of Coulomb gas is relatively low and the injection density 𝑛 of 
nondegenerate carrier at surface is small, and therefore the two-dimensional 
screening length ξ is related to the electron-hole plasma density 𝑛 given by 
ξ ~ (𝑛𝜈)−1/2, where 𝜈 increases from 1 to ∞ continuously as the temperature 
decreases. [24,25] It is noteworthy that when the temperature is high and 𝑛 is 
small, this relation becomes the result of Debye-Hückel model which is denoted 
as ξD ~ 𝑛
−1/2. Then, we employ the screening model to the two-dimensional (2D) 
radial hydrogen- atom-like Schrodinger equation of the electron-hole system to 
get the solutions of 2D 𝜓𝑛(𝑟) and 𝐸𝑛. Using the Ritz variation method, the 





















∗  is the reduced effective mass of an 





 when the screening of electron-hole plasma is minimized 
(ξ → ∞). Minimizing 〈𝐸1s〉 in terms of the variation parameter 𝛼, i.e., 𝜕〈𝐸1s〉 /𝜕𝛼 =




 < 8 (see 
supplementary). This way, we theoretically include the Coulomb screening effect 
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in the radiative recombination rate by substituting the above solution of variation 
parameter into the 2D 1s wave function of the exciton and its ground state 
energy. 
          In the process of simulation, we set the estimated value of dielectric 
constant in the range of 𝜀 = 10 ~ 20, as it is suggested that the surface dielectric 
constant is approximately half of that in the bulk of topological insulator, [26,27] 
which varies from 20 to 40 for Sb2Te3 and (Bi, Sb)2(Te, Se)3 compound. [28-31] 
In terms of the reduced effective mass 𝜇 of one exciton, it is reported that the 
measured and calculated values of effective mass of electron in surface bands of 
topological insulators vary from 0.1𝑚𝑒 [30,32] to 0.3𝑚𝑒 [33]. In addition, 
considering the Dirac velocity of surface states of topological insulator Bi2Se3, 
Bi2Te3 and Sb2Te3 is around 𝑣𝐷 = 2 × 10
5𝑚/s, [34,35] and assuming the 
magnitude of Dirac-mass gap in our case is Δ = 20 ~ 60 meV, [36-39] we 
evaluate that the effective mass of topological surface band fermions is  0.09 ~ 
0.26 𝑚𝑒 through the estimation 𝑚𝑒
∗ ≈ 𝑚ℎ
∗ = Δ/𝑣𝐷
2, which turns out to be in perfect 
agreement with the above studies. Hence, we set the range of reduced effective 
mass 𝜇 for one exciton as 𝜇 = 0.1 ~ 0.3𝑚𝑒. The fit results demonstrate that the 
theoretical analysis agrees well with our data of radiative recombination lifetime 
𝜏2 for the chosen values of 𝜇 and 𝜀. Figure 4.3a shows a good fit with 𝜇 = 0.1 
and 𝜀 = 10, which yields 𝜈 = 8 in the relation of screening length with 2D 
Coulomb gas density and 𝑎0
∗/𝜉 increasing from 7.9 × 10−6 to 0.9 with increasing 
the photoinjection density. The ratio of exciton Bohr radius and the screening 
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length 𝑎0
∗/𝜉 and the value of  𝜈 determined from different set of 𝜇 and 𝜀 are 
shown in table 4.1. 
𝜇 𝜀 𝜈 𝑎0
∗/𝜉 
0.1 10 8 7.9 × 10−6 ~ 0.9 
0.1 20 9.7 3.7 × 10−6 ~ 5.5 
0.3 13 8.5 5.5 × 10−6 ~ 1.3 
0.3 20 9.8 3.6 × 10−7 ~ 0.6 
Table 4.1 Ratio of exciton Bohr radius and the screening length, and 𝜈 from 
theoretical simulation 
          Figure 4.3b shows that the radiative coefficient B extracted from the 
theoretical analysis almost stays constant below the photoinjection density of 4 × 
10
−12
 cm2. In this domain, the screening effects on the wave function and exciton 
energy level are small, and the lifetime 𝜏2 matches well with the regular radiative 
recombination model indicated by the purple dashed line. This means that, as 
schematized in Fig 4.4, the excited carriers in surface bands relax massively 
through excitonic recombination when the overall population of electron-hole 
plasma is low. As the density of excited carriers n further increases, 𝜉 gets 
smaller and the electron-hole plasma screening becomes effective, which 
significantly reduces the exciton binding energy and reduces the fraction of 
excitons. As a result, the radiative coefficient B decreases dramatically. It is 
predicted that optically pumped Dirac materials are good candidates for realizing 
an electron-hole Bardeen-Cooper-Schrieffer (BCS) state at low temperature. [40] 
As our results accord with a small dielectric constant 𝜀 (10 ~ 20) and Dirac 
velocity 𝑣𝐷 (2 × 10
5
𝑚/s) in 2D surface state of MTI, a large value of fine structure 
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constant 𝛼 is expected and thus there exists the possibility of forming an exciton 
condensation in 2D surface states of MTI under optical excitation. 
 
Figure 4.4  Schematic of the screened radiative recombination at the 2D surface 
state of MTI 
 
 
4.4 Dynamics of carrier relaxation in MTI bulk states 
          Figure 4.5a displays the results of time-solved reflectivity measurements 
with different pump intensities at 78 K. The pump-probe reflectivity R/R data can 






𝐴𝑒−𝑡/𝜏eff, where 𝜏0 represents the rising time of the signal, A is the overall 
amplitude and 𝜏eff
−1 is the decay rate of the signal. In Fig. 4.5b, we show that the 
magnitude of reflectivity change follows a linear relationship with pump fluence at 
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both room temperature and 78 K. Meanwhile, unlike the surface carrier lifetime 𝜏2 
extracted from TRMOKE results, both characteristic times of rising τ0 and decaying 
τeff reveal a feature of pump-fluence independency, as depicted in Fig. 4.5c. We 
believe that the mechanism of the reflectivity signal change is likely to be free 
carrier absorption rather than the effect of phase-space filling. In the latter case, 
the photon absorption is reduced by the occupied energy states in the conduction 
band, which leads to an increased rising time of the signal with enhancing the 
pump intensity, which is inconsistent with our observation for 𝜏0. We assume that 
the rise time of the signals 𝜏0 ~ 30 ps corresponds to the carrier relaxation through 
electron-electron and electron-optical phonon interaction process, which is also 
observed in bulk-insulating topological insulator Bi2Se2Te. [41] In the case of free 
carrier absorption, the magnitude of ∆R/R  should be related to a metastable 
equilibrium state where the maximum population of excited electrons accumulates 
at the bottom of conduction band. This scenario agrees with our observation, as 
shown in Fig. 4.5b, where the magnitude of ∆R/R is proportional to the intensity of 
the pump beam and thus the excited bulk carrier density ∆𝑛.  
 
Figure 4.5  Results of pump-fluence dependent pump-probe reflectivity 
measurements 
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          For the decay mechanism, on the other hand, the effective carrier lifetime 
𝜏eff  depends on both radiative and nonradiative recombination processes in 
general and is defined by 𝜏eff
−1 = 𝜏rad
−1 + 𝜏nrad
−1  where 𝜏rad and 𝜏nrad is the radiative and 
non-radiative lifetime, respectively. Since the radiative lifetime of excited carriers 
is typically larger than the non-radiative one, [42,43] and topological insulator 
systems such as Bi2Te3, Sb2Te3 and Cr-doped Sb2Te3 have an indirect bulk band 
gap, [44-46] we expect that the indirect-band radiative recombination here is much 
slower than the process of phonon-assisted non-radiative quenching, i.e. 𝜏rad ≪
 𝜏nrad. [47,48] Therefore, we attribute the effective lifetime 𝜏eff mainly to the non-
radiative recombination, so that 𝜏eff ≈ 𝜏nrad. This is also in agreement with the fact 
that 𝜏eff does not vary with the population of photoexcited carriers, which contrasts 
sharply with the case of radiative recombination. Even though it is reported in 
several studies that the excited bulk carriers in TIs (with massless Dirac cones) 
has a much short lifetime, [11-13] the bulk relaxation in MTI with a gapped surface 
Dirac cone is still unknown and has a variety of possibilities. 
          To further investigate the excited carrier dynamics in the bulk conduction 
states, temperature-dependent pump probe reflectivity studies are performed 
subsequently from 78 to 240 K (Fig 4.6a). It is obvious that, as show in Fig 4.6b, 
the derived lifetime 𝜏eff  of excited bulk electrons decreases with increasing the 
temperature of the environment. We assume that such a temperature dependence 
manifests a phonon-assisted recombination process rather than temperature-
independent Auger recombination. [49,50] By comparing the temperature-
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dependent lifetimes and the following model of SRH nonradiative recombination 
[51], 




where 𝐸𝑇 is the trap energy of the deep level and 𝐸𝐹 is the Fermi level, we obtain 
that the energy difference between the trap level and Fermi level is ~ 8 meV, 
which indicates that the effective recombination centers are near the Fermi level 
of Cr-doped (Bi,Sb)2Te3 MTI. In addition to the features of recombination, the 
amplitudes of the reflectivity signals, which are related to maximum photoexcited 
carrier density, vary as a function of temperature as well. Figure 4.6c shows that 
the maximum carrier density ∆𝑛𝑚𝑎𝑥 (amplitude) gradually decreases from a 
plateau above 140 K. We fit the temperature dependence of the maximum carrier 





where ∆𝐸 is the activation energy and C is a scale factor. The derived value of  
∆𝐸 is around 74 ± 13 meV, which is comparable with the energy difference 
between bulk conduction band and deep level. [13] This confirms the above 
interpretation that the quenching process is due to the thermally activated 
transition between bulk intrinsic (conduction band) and defect states (deep level). 
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Figure 4.6  Temperature dependency of the pump-probe reflectivity 
 
4.5 Conclusion 
          Finally, we conclude the general behavior of carrier relaxation in MTI bulk 
states. The long-lived excited carriers with 𝜏eff ~ 1000 ps verify the bulk insulating 
nature of Cr-doped (Bi,Sb)2Te3 MTI, since the bulk carrier relaxation is much 
slower in this scenario compared with a metallic bulk phase. [13] Based on 
several studies of carrier dynamics in nonmagnetic TI samples, [11-13] we 
summarize that the process of bulk carrier recombination is strongly affected by 
the relaxation of surface-state carriers: if the Fermi level lies within the bulk band 
gap, the surface states significantly constrain the electron-phonon scattering due 
to limited phase space; if the Fermi level lies within the bulk conduction or 
valence band, surface states can serve as effective recombination channels of 
bulk excited. The relaxation dynamics in Cr-doped (Bi,Sb)2Te3 MTI is 
schematized in Fig 4.7. Due to the extremely slow carrier relaxation within the 
gapped Dirac cone, surface recombination channels for bulk carriers are strongly 
impeded. The main portion of the excited bulk carriers therefore recombine more 
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effectively through bulk defect states, which corresponds to the case of trap-
assisted capture by deep levels in the bulk. Although a fraction of excited carriers 
may relax from bulk conduction band to surface states, there is no salient 
observation related to such a dynamic process from our experiment. The finding 
on long-lived excited bulk carriers provides a novel and different insight of the 
generalized carrier dynamics in bulk insulating topological insulators, which may 
bring about a better understanding of the bulk relaxation mechanism.  
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          We use transient magneto-optical Kerr effect (MOKE) spectroscopies to 
investigate the magnetization dynamics in a MTI/antiferromagnet (AFM) bilayer 
based on Cr-(Bi,Sb)2Te3/ CrSb heterostructure through ultrafast lasers. We 
perform pump-modulated MOKE measurements with a variety of pump fluences. 
We observe a spin-valve-like dynamical magnetic structure that allows an 
antiparallel spin configuration and a photoinduced exchange-bias effect 
stemming from the enhancement of magnetization at the surface. To affirm our 
corresponding argument, we record the evolution of pump-modulated transient 
MOKE loops at different pump-probe delays. We then propose a theoretical 
model incorporating the carrier-impurity and local p-d exchange interactions to 
elucidate the development of the magnetization and exchange-bias field as a 
function of pump fluence. Through the following quantitive analysis, we estimate 
the strength of the corresponding exchange interactions and find our proposed 
model nicely coincides with the experimental results. The unique features in 
MTI/AFM heterostructures could lead to novel applications regarding ultrafast 
optical manipulation of magnetization. In addition, magnetic tunnel junctions 
(MTJs) consisting of MTI/AFM elements could become effective in magnetic 
memories and disk drives, satisfying the demand for non-volatile memory and 
programmable logic devices. The tunability of perpendicular magnetic anisotropy 
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(PMA) in Cr-(Bi,Sb)2Te3/CrSb systems is promising for developing high-dense 
magnetic systems with desirable magnetic anisotropy. 
          On the other hand, we investigate the photoexcited ultrafast carrier 
dynamics in Cr-doped (Bi,Sb)2Te3 MTI/CrSb antiferromagnet (AFM) 
heterostructure by pump-probe reflectivity and magneto-optical measurements. 
Based on our previously proposed model for Dirac-hole-mediated magnetization 
in Cr-doped (Bi,Sb)2Te3/CrSb heterostructure, the photoexcited carrier dynamics 
for surface states is revealed through the time-resolved magneto-optical Kerr 
effect (TRMOKE) studies. We observe an ultralong excited carrier lifetime of ~ 
200 ns corresponding to radiative recombination within the gapped Dirac cone. 
Such a long lifetime is more consistent with a radiative recombination process 
and we further find that it varies significantly with the magnitude of carrier 
injection. The increase of the lifetime with a higher photoexcitation level suggests 
a strong screening effect of the electron-hole recombination in surface states. 
Hence, we include the screening model in the two-dimensional (2D) radial 
hydrogen-atom-like Schrödinger equation of the electron-hole system to 
theoretically analyze the photoinjection dependency of surface relaxation. Based 
on our estimation of the dielectric constant and effective mass of electrons 
(holes) in the MTI surface state, the theoretical model shows a perfect agreement 
with our observation. In another aspect, the time-resolved reflectivity shows a 
recombination lifetime of ~ 1000 ps for photoexcited electrons in the bulk 
conduction band. The nonradiative nature of bulk relaxation is revealed by pump-
intensity- and temperature- dependent experiments of pump probe reflectivity. 
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The temperature dependence of lifetime and amplitude is well-fitted with the 
model of Shockley–Read–Hall (SRH) recombination and thermal quenching of 
excited carriers, respectively. The derived characteristic energy is within the 
range of Fermi level and bulk band gap of the Cr-doped (Bi,Sb)2Te3 MTI. We 
believe that our findings contribute to the understanding of magnetism in MTI 

















I. Derivation of the magnetization model 
          The exchange energy Jci originates from the effective exchange energy Jeff 
in the general Zener-RKKY model where Jeff ∝ 𝐹𝐷(2𝑘F𝑟𝑖𝑗) with 𝑘F being the Fermi 
wavevector and 𝑟𝑖𝑗 being the distance between two magnetic ions. For 2D cases, 






 where 𝔅𝑛(𝑥) is the 
Bessel function. The RKKY function changes its sign from negative to positive at 
𝜉 = 2.78 and thus the criterion for ferromagnetism is easily met for nondegenerate 
limit of injected holes in MTI film. 
          To investigate the ferromagnetic systems with different exchange couplings, 
we use the mean-field (Weiss) theory to treat the interactions among different 
species of spins. Note that the Hamiltonian for the Van Vleck p-d exchange 
interaction is expressed as H
 pd
 = ∑ JpdSαspα , where Sα  is the spin of local 
impurities, sp  is the band spin of p band electrons, and  Jpd  represents the 
effective exchange constant for long-range p-d coupling. According to all the 

































          Base on the effective fields, we can derive the 〈Sz〉, 〈sp〉 and 〈sz〉 in the 
assumption of Ising-type Boltzmann probability distribution. First, we have 






















the limit of nondegenerate delocalized holes, the distribution of hole spins is not 
affected by Pauli’s exclusion principle and follows Boltzmann statistics as well. 
Therefore, the average size of the hole spin can be written as 































II. Model of the 2D Coulomb screening effect 
          We employ the screening model to the two-dimensional (2D) radial 
hydrogen-atom-like Schrödinger equation of the electron-hole system to get the 





















) corresponds to 2D radial Laplace operator and ξ is the 
screening length. It is noted that when the temperature of Coulomb gas and the 
electron-hole plasma density 𝑛 is relatively low, the two-dimensional screening 
length ξ is given by ξ ~ (𝑛𝜈)−1/2, where 𝜈 varies from 1 to ∞ continuously as the 
temperature changes. Using the Ritz variation method, the ground state 1s wave 
function of exciton in two dimensions (2D) is given as 
𝜓1s(𝑟) = (2/𝜋)
1/2 (2/𝛼) 𝑒−2𝑟/𝛼 
where 𝛼 is the variation parameter. The expectation value of the 1s ground state 






















∗  is the reduced effective mass of an electron and hole. 
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          Minimizing 〈𝐸1s〉 in terms of the variation parameter 𝛼, i.e., 𝜕〈𝐸1s〉 /𝜕𝛼 = 0, 
we obtain the relation 𝑎0
∗  = 𝛼 (1 +
𝛼
2ξ





, which gives a physical and 





















    
          In the 1s state case, substitute the above solutions into the radiative 
recombination rate equation, we have, 
R = B𝑏𝑏𝑛𝑝 + B𝑒𝑛𝑝|𝜓1s(0)|
2exp(−𝐸1s/𝑘𝑇) 
 
III.  derivation of the ground state energy and the variance parameter 











𝑒−𝑟/ξ]𝜓𝑛(𝑟) = 𝐸𝑛𝑙𝜓𝑛(𝑟) 










































          The expected value of the ground state energy: 
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